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Abstract 
 
Microwave processing of materials is a relatively new technology alternative that provides new 
approaches for enhancing material properties as well as economic advantages through energy 
savings and accelerated product development.  This paper presents a state-of-the-art review of 
microwave technologies, processing methods and industrial applications.  The characteristics of 
microwave interactions with materials are outlined together with the challenges to process 
materials that are difficult to process with conventional methods. Clearly, advantages in utilising 
microwave technologies for processing materials include penetrating radiation, controlled 
electric field distributions, rapid heating, self-limiting reactions, and selective and volumetric 
heating.  The aim of the work presented in this paper is to help guide those interested in using 
microwaves to improve current materials processing.  Microwave fundamentals are described to 
provide a brief awareness of the advantages and limitations of microwaves in the processing of 
materials.  Furthermore, the limitations in current understanding are included as a guide for 
potential users and for future research and development activities.  Examples of successful 
applications in the United States of America (USA) and Australia are given to illustrate the 
characteristics of materials, equipment and processing methods applicable to industrial 
microwaves.  
 
 
1. Introduction 
 
Heating is one of the most commonly used processes in manufacturing industry.  It is widely 
used in the food, chemical, textile and engineering industries for drying, promoting chemical or 
physical change, and many other purposes.  It remains one of the most difficult processes to 
control.  In conventional heating, all the heat energy required in the load must pass through its 
surface, and the rate of heat flow within is limited by temperature and thermal diffusivity; the 
larger the load, the longer the heating takes.  Imperfect heating resulting from these difficulties is 
a frequent cause of product reject and waste of energy and above all the extended process time 
results in large production areas devoted to ovens. Volumetric heating is therefore preferred.  In 
volumetric heating the heat energy injected into the materials is transferred through the surface 
electromagnetically.  Any material can be heated directly by electrical volumetric heating 
provided that it is neither a perfect electrical conductor nor a perfect insulator.   There are four 
electrical heating methods available and none of them is ideal in all cases.  Conduction and 
induction, Ohmic, radio frequency and microwave heating are the four methods that can be 
employed.  Microwave heating has some important advantages compared with processing at 
lower frequencies (Meredith, 1998).  Microwave energy of 2.45 GHz has been used since the 
post-war years for domestic purposes.  It was further developed in the 60s and 70s for a diversity 
of processes in the rubber industry, food processing industry, tempering and thawing, continuous 
baking, vacuum drying, pasteurisation and sterilisation, and in the ceramics, rubber and plastic 
industries, as well as many specialised processes in the chemical industry. 
 
The word microwave is not new to every walk of life as there are more than 60 million 
microwave ovens in households all over the world (NRC, 1994).  On account of its great success 
in processing food, people believe that microwave technology can also be wisely employed to 
process materials, eg cross-link polymers or sinter ceramics. Microwave processing of materials 
is a relatively new technology that provides new approaches to improve the physical properties 
of materials; alternatives for processing materials that are hard to process; a reduction in the 
environmental impact of materials processing; economic advantages through energy savings, 
space, and time; and an opportunity to produce new materials and microstructures that cannot be 
achieved by other methods.  Microwave characteristics that are not available in conventional 
processing of materials include (NRC, 1994): penetrating radiation; controllable electric field 
distribution; rapid heating; selective heating of materials and self-limiting reactions. Alone or in 
combination, these characteristics can lead to benefits and opportunities.  
 
The above characteristics also present unfavourable effects in materials processing.  First, due to 
inadequate penetration of the microwave energy, bulk materials with significant ionic or metallic 
conductivity cannot be efficiently processed.  Second, on account of their limited absorption of 
the incident power, insulators with low dielectric loss are difficult to heat from room temperature 
to the required temperature.  Lastly, materials with loss factors that vary significantly with 
temperature during processing will often lead to hot spots and thermal runaway.  The most likely 
candidates for future production-scale applications will take full advantage of the unique 
characteristics of microwaves.  Polymer, ceramic and composite joining processes and catalytic 
processes are enabled by selective microwave heating.  The savings envisaged include 
timesaving, higher yield, and environmental friendliness.  Advantages of microwave processing 
over conventional heating include (Clayton, 1999):  
 
• Up to 70% less energy usage than conventional energy forms due to the high energy 
densities that can be established within an applicator, and the direct absorption of energy by 
many materials 
• A compact system, as small as 20% of the size of conventional systems, because of the high 
applicator energy densities and direct energy absorption by many materials 
• Improved product quality, since materials can be rapidly heated volumetrically, and often 
processed at lower temperatures 
• Selective energy absorption due in part to material’s dielectric properties and applicator 
design 
• Greatly improved throughputs resulting from deep penetration of microwave energy into a 
particular materials, giving rapid heating throughout the bulk of the product being heated 
• Instantaneous control, a common feature of most electromagnetic technology systems 
• Reduced environmental pollution due to increased energy efficiencies and clean transfer of 
energy to product being heated. 
 
 
Microwave energy has been used in materials processing for nearly sixty years.  Its adoption 
against competition from more conventional heating methods has been its appeal regarding 
special advantages, such as faster throughput.  In the early stages of the evolution of microwave 
heating these advantages were often difficult to justify against the relatively inexpensive fossil 
fuel heat.  This, together with the natural reticence of many industrialists to change existing but 
often inefficient conventional systems for microwave systems, has resulted in the slow growth of 
the microwave heating industry.   In the 60s, many new microwave equipment manufacturers 
capitalised during an era of economic expansion but they did not possess the technical expertise 
and after sale service necessary to ensure customer satisfaction.  In the 70s, the trend was slowly 
reversed following a determined effort to form design teams having the necessary wide range of 
professional engineering capability and to provide an appropriate after sale service.  After the 
energy crisis in the early 70s, there was a strong public perception of the impending shortage of 
fossil fuel.   Following the realisation that conventional energy was getting scarcer in the 80s, the 
microwave equipment manufacturing sector ensured the public that they were going to meet the 
new challenges.  This with proven records of successful microwave applications in the rubber and 
food sectors, industrialists believed that in order to survive in the 80s firms had to invest in new 
plant and machinery and this provoked the rapid development of microwave applications in 
materials processing (Metaxas and Meredith, 1983). 
 
2. Fundamentals of Microwaves 
 
Microwaves form part of a continuous electromagnetic spectrum that extends from low-
frequency alternating currents to cosmic rays.  In this continuum, the radio-frequency range is 
divided into bands as depicted in Table 1.  Bands 9, 10 and 11 constitute the microwave range 
that is limited on the low-frequency side by high-frequency (HF) and on the high-frequency side 
by the far infrared (Thuery, 1992).  These microwaves propagate through empty space at the 
velocity of light and their frequency range from 300 MHz to 300 GHz.  The HF and ultra high 
frequency bands constitute a natural resource managed by three international organisations.  
These organisations delegate their power to national organisations for allocating frequencies to 
different users. Industrial microwaves are generated by a variety of devices such as magnetrons, 
power grid tubes, klystrons, klystrodes, crossed-field amplifiers, travelling wave tubes, and 
gyrotrons (NRC, 1994). 
 
Frequency bands reserved for industrial applications are 915 MHz, 2.45 GHz, 5.8 GHz and 
24.124 GHz.  At the customary domestic microwave frequency of 2.45 GHz, the magnetrons are 
the workhorse.  Material processing falls into this category (NRC, 1994). Magnetrons are the 
tubes used in conventional microwave ovens found almost in every kitchen with power of the 
order of a kilowatt. Industrial ovens with output to a megawatt are not uncommon.  Huge sums of 
money and effort have been spent in developing microwave-processing systems for a wide range 
of product applications.  In general, microwave-processing systems consist of a microwave 
source, a circulator (optional), an applicator to deliver the power to the load, and systems to 
control the heating.  This is illustrated in Figure 1.  Most applicators are multimode, where 
different field patterns are excited simultaneously.   
 
3. Microwave/Material Interactions 
 
The material properties of greatest importance in microwave processing of a dielectric are the 
complex relative permittivity ε = ε′ - jε″ and the loss tangent, tan δ = ε″/ ε′ (Metaxas and 
Meredith, 1983).  The real part of the permittivity, ε′, sometimes called the dielectric constant, 
mostly determines how much of the incident energy is reflected at the air-sample interface, and 
how much enters the sample. The most important property in microwave processing is the loss 
tangent, tan δ or dielectric loss, which predicts the ability of the material to convert the incoming 
energy into heat. For optimum microwave energy coupling, a moderate value of ε′, to enable 
adequate penetration, should be combined with high values of ε″ and tan δ, to convert 
microwave energy into thermal energy.  Microwaves heat materials internally and the depth of 
penetration of the energy varies in different materials.  The depth is controlled by the dielectric 
properties.  Penetration depth is defined as the depth at which approximately 
e
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where Dp is in cm, f is in GHz, ε′ is the dielectric constant and ε″ is the dielectric loss. 
Note that ε′ and ε′′ can be dependent on both temperature and frequency, the extent of which 
depends on the materials. 
 
In a material with a very high loss tangent, the microwave energy density reduces with distance 
of penetration into the material.   The values of dielectric constants and dielectric loss of some 
commonly microwave-processed materials at different frequency or temperature are tabulated in 
Tables 2 through 5. Table 2  (von Hipple, 1995) tabulates the dielectric constants and dielectric 
losses of some commonly found materials at a range of frequencies at room temperature.  In 
table 2, all the materials except ice (at -12oC) are at 25oC.  It can be observed that for most 
materials, eg phosphate glass, the dielectric constant decreases with increasing frequency.   This 
means that the depth of penetration increases.  It can also be observed that for some materials, eg 
polystyrene, the loss tangent initially increases with frequency and peaks at certain frequency 
(10 GHz) before it falls back at the high frequency of 25 GHz.  In the case of polystyrene, the 
best frequency to process the material is at 10 GHz.  Ku et al. (2000a; 2000b) measured the best 
frequency to process some fibre reinforced thermoplastic composite materials using VFM 
facilities and the results obtained coincided with those in the von Hipple study.   
 
Table 3 (Ku et al, 1999a; 1999b; 2001) shows the dielectric constant and loss of thirty three (33) 
percent by weight glass fibre reinforced low density polyethylene [LDPE/GF (33%)] in the 
frequency range of 2.2 to 3.3 GHz and at different temperatures measured using a WR340 
waveguide.  Table 4 illustrates the dielectric constant and loss of LDPE/GF (33%) in the 
frequency range of 3.3 to 4.9 GHz and at different temperatures measured using a WR229 
waveguide.  Table 5 illustrates the dielectric constant and loss of LDPE/GF (33%) in the 
frequency range of 4.9 to 7.05 GHz and at different temperatures measured using a WR159 
waveguide.  It is observed that within a frequency range, eg 2.2 to 3.3 GHz, the higher the 
temperature, the loss tangent is higher and the dielectric constant is lower.  This means that 
microwave materials processing for LDPE/GF (33%) is favoured at higher temperatures because 
of the higher loss tangent and lower dielectric constant.  It is again observed that within a fixed 
temperature, eg 80oC, the higher the frequency, the higher the dielectric loss and the lower the 
dielectric constant.  This also means that microwave processing of the material is again 
favourable at higher frequencies for the same reasons.  Material processors can therefore find 
from the dielectric properties of a material whether the material is suitable for microwave 
processing or not.  They can also find out the most desirable parameters, eg frequency and 
temperature employed, for processing.  But unfortunately, the values of the dielectric properties 
of some materials are not always readily available.  It is therefore necessary for the material 
processors to measure them. The Probe Kit method is suitable for materials with considerable 
losses, eg Araldite (HP85070A Dielectric Probe Kit, 1990; HP85070B High-Temperature 
Dielectric Probe Kit; 1993).  On the other hand, the Resonant Cavity method is most suitable for 
low loss materials, eg LDPE/GF (33%) (Ku et al, 1999a; 2001).  As far as 
electromagnetic/matter interactions are concerned, materials can be classified as absorber, 
transparent or opaque (Sutton, 1989).  The results of microwaves/materials interactions are 
shown in Figure 2.  
 
During microwave processing, microwave energy penetrates through the material.  Some of the 
energy is absorbed by the material and converted to heat, which in turn raises the temperature of 
the material such that the interior parts of the material are hotter than its surface, since the surface 
loses more heat to the surroundings. This characteristic has the potential to heat large sections of 
the material uniformly.  The reverse thermal effect in microwave heating does provide some 
advantages. These include: 
• Rapid heating of materials without overheating the surface 
• A reduction in surface degradation when drying wet materials because of lower surface 
temperature 
•  Removal of gases from porous materials without cracking 
•  Improvement in product quality and yield 
•  Synthesis of new materials and composites.   
 
On the other hand, the negative effect is the formation of hot spots and cracking (Ku et al, 
2000c).  Microwaves can be transmitted through various media without much loss; the applicator 
can therefore be remote from the power source.  
 
By using single mode applicators, it is possible to focus the microwave energy to precisely 
heating selected areas.  A mode is a particular pattern of electromagnetic energy distribution 
within a confining structure caused by the interaction of two or more travelling waves.  The 
dominant mode is usually the only mode that exists in the waveguide and it is the first to 
propagate, eg TE10 or H10 (Kraus, 1992).  TE10 mode means that all the electric fields transverse 
with one half-sine variation across the waveguide in x direction and no variation in y direction.  
This enables one to heat selected regions between two materials to promote welding and joining.  
The adverse effect to this can be more costly and often requires complex equipment. 
 
In general, the dielectric loss of some materials often increases exponentially when a critical 
temperature is reached.  This permits very rapid bulk heating, resulting in significant reduction in 
processing time.  At the same time, hybrid heating or insulation can control the possible thermal 
runaway.  This characteristic enables the processing of low loss ceramics, where both rapid 
heating and high processing temperature are required.  
 
Selective heating is achieved by the differential coupling of materials.  Selective heating of 
internal or surface phases, additives or constituents enables heating of microwave transparent 
materials.  Processing of a large number of composites is therefore dependent on the widely 
differential heating of at least one of the constituents.  Hybrid microwave heating is also an 
example where selective heating has been wisely employed.  Selective heating stops after certain 
processes have been completed.  Self-limiting absorption can also occur when two materials with 
different coupling characteristics, such as SiC and ZrO2, are simultaneously exposed to 
microwave energy.  At room temperature, SiC is a lossy material but ZrO2 couples with 
microwave poorly.  The situation remains true up to 500oC.   Above a certain critical temperature, 
the loss factor of ZrO2 increases rapidly with increasing temperature, exceeds that of SiC and 
absorbs most of the microwave irradiation.  This phenomenon is employed to hybrid-heat low 
loss material from room temperature (NRC, 1994). 
 
4. Successful Microwave Applications 
 
Some successful industrial microwave applications in the United States of America (USA) and 
Australia include food processing, ceramic/ceramic matrix composite sintering and powder 
processing, polymers and polymer-matrix composites processing, microwave plasma processing 
of materials, and minerals processing (NRC, 1994), controlled moisture removal from fruits and 
cereals, fat (chocolate) melting in the food industry, rubber curing, ceramic processing, viscosity 
control in paint and glaze, chemical processing, pyrometallurgy (Clayton, 1999).  Fast curing of 
adhesives for joining engineering thermoplastics (Siores, 1997) and joining thermoplastic matrix 
composite materials (Ku et al, 1997a; 1997b; 1999c) are two more Australian applications. 
 
4.1 Applications in the USA 
 
Vulcanisation of rubber in the tyre industry during the 60s was the first successful commercial 
application of microwave processing for polymers (Chabinsky, 1983a; 1983b; Schwartz et al, 
1975; NRC, 1994).  The principal mechanism of coupling the microwave irradiation to the 
material occurred through carbon black fillers present in many rubber formulations.  The process 
brought about increased throughput, reduced operating costs, product uniformity, reduced scrap, 
improved automation and process control, continuous vulcanisation rather than conventional 
batch processes, improved cleanliness and environmental compatibility (NRC, 1994). Due to 
volumetric heating the rate of rise of temperature is no longer dependent on the heat flow through 
the surface of the rubber as in conventional vulcanisation and the process is very much faster.  
Depending upon the thickness of the product, microwave energy can heat rubber up to a hundred 
times faster than with conventional heating methods (Metaxas and Meredith, 1983). 
 
Microwave heating has been touted as a means of sintering ceramics since the early 70s.  The 
potential benefits of microwave processing over conventional processes for ceramic processing 
include reduced processing time, improved product uniformity and yields, improved 
microstructure, and the ability to synthesise new materials (Sheppard, 1988; Sutton, 1989).  Two 
important areas of ceramic processing, namely sintering and powder processing will be detailed 
in this section.   
 
Microwave sintering of as number of oxides and nonoxide ceramics ranging from low loss 
materials like Al2O3 to high loss materials like SiC.   It is generally assumed that since 
microwave energy is deposited in bulk, significantly less time is required to heat the part to the 
sintering temperature than would be required to diffuse the heat from the exterior.  The resulting 
rapid sintering may lead to smaller grain size at a given density, with consequently better 
mechanical properties (NRC, 1994). 
 
The application of microwaves to powder processing technology is relatively new.   The 
characteristics of a starting powder (composition, size, structure, shape, etc.) strongly affect the 
control over the sintering behaviour, microstructural development, improved properties and 
reliability of the final product.  The application of microwaves to the synthesis of ceramic 
powders is a recent and emerging development and offers some unique benefits, especially to 
producing particles of nano size with controlled compositions.  Microwave synthesis of ceramic 
powders offers greater process flexibility by taking advantage of several combinations of 
volumetric, rapid, and selective heating conditions, which are not possible by conventional means 
(NRC, 1994).  
 
The application of microwave energy in foodstuff processing is one the most important area of 
microwave irradiation application in industry.  In the baking industry where microwaves are used 
for proving doughnuts raised with yeast and, where a combination of microwave energy and deep 
frying are used to process chemically leavened doughnuts with unique quality results.  In 
doughnut proving the microwave energy reduces the proving time and transforms a cumbersome 
batch process into a continuous one. 
 
Conventional tempering of frozen products is a long process requiring from several hours to 
many days to complete depending on the type and size of the package.  Microwave units have 
been successfully developed to increase the temperature of the product to –4oC or –2oC for ease 
of further processing.  The temperature is kept below the freezing point to avoid thermal runaway 
due to the enhanced loss factor associated with the water droplets.  The operating costs of a 
typical 25kW tempering unit processing 0.28 kg/s of frozen meat amounts to about 5.7 Australian 
cents per kg, assuming an equipment depreciation and electricity unit cost of 1.7 Australian cents 
per kWh.  The microwave equipment can be justified in terms of higher throughput, savings in 
floor space and handling, improved quality and sanitation.  Hybrid heating systems that use 
microwaves and hot air are also used for cooking, eg precook bacon.  Microwaves are used to 
supply the sensible heat to the bacon, to render the fat and to coagulate the proteins while hot air 
removes the moisture from the surface.  A 50kW unit is capable of processing 0.07 kg/s of bacon 
to a 40% yield (Metaxas and Meredith, 1983). 
 
Microwaves gas interactions provide excitation, which help readily form plasma at reduced gas 
pressure and, under some circumstances, at pressures in excess of 1 atmosphere. There are 
significant differences between microwave excited plasma and the common parallel-plate RF 
(13.56 MHz) plasma. The degree of ionisation is also greater in microwave plasma.  Microwave 
plasmas are being utilised extensively for various applications in microelectronic processing, 
including deposition and etching for diamond film; for surface modification; and on an 
experimental basis, for sintering of ceramics. In the diamond film formation process, the benefits 
of microwave excited plasma include energy efficiency, stability and reproducibility of the 
plasma, and potential for larger production scale.  In mineral processing, the use of microwave 
energy brings about substantial benefits in reducing energy consumption and environmental 
pollution. By employing the differential coupling of energy and the differences in thermal 
expansion, microwave processing of ores separates the valued component in the ore and the 
waste material surrounding it efficiently (NRC, 1990; 1994).  
 
 
Varadan and Varadan (1991) enhanced microwave heating by using conducting polymers and 
chiral microinclusions.  The result shows considerable promise for joining and repair of 
composites.  The method is attractive because it produces clean and reliable interface joints, it is 
fast, it does not entail alteration of the bulk materials, and it does not result in volumetric heating.  
Microwave heating can be increased by “doping” the components to be joined using suitable 
dielectric adhesive films.  Results for the welding and repair of thermoplastic, thermoset, and 
ceramic components are very good. 
 
Wu and Benatar (1992) used a single microwave system to evaluate the heating of conductive 
polyaniline/HDPE (high-density polyethylene) composites and to weld HDPE by placing 
conductive composites at the joint.  The rate of heating in the gasket was dependent on the 
position and orientation of the gasket.  Maximum heating was achieved when the gasket was 
oriented parallel to the electric field.  During welding, for a power of 2.4 kW and heating time of 
15 s, the resulting weld joint was 26.5 MPa which is 96% of the bulk material strength.  Single 
mode microwave heating resulted in much faster heating and welding than multi-mode systems. 
 
In the manufacture of paper and cardboard, drying of starch and paper board is a very important 
process.  One point five (1.5) litres of water has to be removed per kilogram of dry product.  The 
drying process has an important qualitative effect because its parameters determine the 
mechanical properties of the final product, the quality of its surface, and its permeability to air.  
Conventional drying incorporates mechanical and thermal stages.  The level of humidity is first 
reduced from 96-98% to 86-92% by means of a metal mesh set in horizontal translational motion, 
which releases water but retains solid constituents in a fibrous mass.  The water content is further 
reduced to 65% by applying cylindrical presses.  The remaining water is removed through 
evaporation by pressing the felt-supported paper against a series of heated drums.  The 
evaporation is aided by a stream of air that serves to accelerate mass transfer and assisting in the 
uniformity of drying over the entire width of the paper.   The final humidity is between 5 and 
10%, but a uniform result is difficult to achieve after the cylinders are dried.  This often 
necessitates additional drying to 3-4%, followed by rewetting.  However, this operation is costly 
and causes an irreversible effect on the quality of the paper. By employing microwave energy of 
2.45 GHz and generated by a 100-kW klystron, the advantages of microwave drying are fully 
demonstrated.  They include three-dimensional uniformity of humidity distribution, no need for 
overdrying selective microwave heating of the water component, and a 30% reduction in the 
length of the dryers.  The applicator consists of a series of slotted waveguides and employs a 
stream of air at 104oC.   In addition, a radical saving of time and energy is attained (Thuery, 
1992). 
 
In textile industries, the fragility of the wet and sticky yarns and tufts is the main manufacturing 
problem.  The yarns and tufts emerge from the production heads at a rate of 2 to 3 metres per 
second and must be deposited, without being subjected to any constraint, on a horizontal 
conveyor belt.  In conventional hot air drying, the stream of air must be quite weak to avoid the 
deterioration of the material.  This implies longer drying time, which in turn necessitates longer 
drier yields of 10 to 12 kW per litre of evaporated water.  A specific microwave applicator is 
needed to cope with these challenges.  The applicator used is in the form of a multimode stainless 
steel cavity with an active length of 70 cm and a fibreglass/polytetrafluoroethylene (PTFE) 
conveyor belt running through the system.  The points of entry and exit are equipped with wave 
traps and air-cooled absorbing plates.  Microwave power is fed through the bottom wall via a 
power divider and two waveguides.  The power generator used delivers 5kW at 2.45 GHz of from 
an 11-kVA power supply (Thuery, 1992). 
 
There are many more successful applications in the USA, eg deposition, surface treatment, 
microwave chemistry, process waste treatment, stored waste treatment and waste-site cleanup but 
it will be enough just to name a few (NRC, 1994). 
 
4.2 Applications in Australia 
 
In Australia, microwave irradiation is used to control the moisture content of cheese curd.  
During cheese manufacture the moisture content of the curd must be carefully controlled.  Curd 
moisture is usually measured by weighing and drying, which is time consuming process.  Ball at 
el. (1997) developed a microwave sensing system to measure cheese curd moisture content much 
easier. 
 
Ku et al. (1997a; 1997b; 1999a) has successfully joined glass fibre-reinforced thermoplastic 
matrix composite materials, eg 33 percent by weight glass fibre-reinforced low density 
polyethylene, LDPE/GF (33%) with Araldite as primer using microwave irradiation.  The 
overview of the equipment and the position of the sample used are shown in Figure 3 and 4 
respectively.  For, LDPE/GF (33%), the lap-shear test bond strength of the microwave-irradiated 
test piece is up to 41% stronger than that cured under ambient conditions.  The time taken is, 
however, only 1.5% than that of its counterpart.  A similar result was also obtained by another 
group of researchers, Felix et al. (1996).  Other materials joined by Ku et al (1997a; 1997b; 
1999a) include 33 percent by weight glass fibre-reinforced polystyrene, PS/GF (33%), 33 percent 
by weight glass fibre-reinforced Nylon 66, Nylon 66/GF (33%), 33 percent carbon fibre-
reinforced low density polyethylene, LDPE/CF (33%), and 33 percent carbon fibre-reinforced 
polystyrene, PS/CF (33%).  In joining the carbon fibre-reinforced composite materials, no primer 
is required.  The lap-shear test bond strength of the microwave-cured test piece is stronger than 
that cured under ambient conditions for all materials studied.  
 
In a research section, Advanced Manufacturing Technologies (AMT) division, of a university in 
New South Wales, Australia, microwave irradiation has been successfully utilised in the 
following areas (Clayton 1999): controlled moisture removal from fruits and cereals, fat 
(chocolate) melting in the food industry, rubber curing, ceramic processing, viscosity control in 
paint and glaze, chemical processing, pyrometallurgy, sterilisation of numerous food products 
and wool bale warming. 
 
Equipment built by the division for drying fruits and cereals using a variable power (0.5 kW to 40 
kW) continuous belt conveyor microwave drier and recently developed rotary microwave drier, 
showed successful drying by almost eliminating the falling dry rate period.  The rotary drier 
developed to eliminate hot spots enables continuous mixing of the product and exposure to 
airflow while being microwaved.  This internal product motion resulted in more efficient 
moisture transfer due to increased surface area contact with airflow (Clayton, 1997; 1999). 
 
Melting fat is a relatively new use for microwave energy.  The AMT division has developed a 
unit that appears to solve many of the problems of fat melting.  It is portable, on wheels, plugs in 
with no ancillary plumbing, and can melt all fats including most cocoa liquors.  In addition it can 
be cleaned easily.  Therefore one unit can be used for a variety of fats.  There are other benefits 
from this process.  Removing the fat from the unit as soon as it has melted means no energy is 
used to keep the molten fat hot while new blocks are placed into it.  In addition, because the fat 
has been melted at a lower temperature, its shelf life has been increased.  This is because fat 
oxidises faster at higher temperatures (Clayton, 1997).   
 
Nightingale (Clayton, 1999) pointed out that microwave sintering of ceramic materials has great 
potential for increasing the efficiency of ceramic production processes.  Microwave irradiation 
has the ability to uniformly heat irregularly shaped ceramic products and this is of a great 
advantage.  With conventional processes, thermal gradients mean very slow heating rates must be 
used to avoid stresses and cracking.  Microwave, however, deliver uniform volumetric heating, 
which means much more rapid heating rates can be used which, in turn greatly reduce production 
cycle.  Shorter thermal cycles may also result in smaller grain sizes and improved mechanical 
properties.   The equipment used by her is shown in Figure 5. 
 
When wool bales are put into storage for some time the lanolin in the wool congeals.  The 
Advanced Manufacturing Technologies (AMT) division designed and developed a 30 kW 922 
MHz microwave wool bale warmer to replace the current steam systems.  The greater penetration 
depth of microwaves enables a rapid and efficient heating to the moderate temperatures required 
for the scouring process, providing a large saving in time, space and energy.  So efficient is the 
microwave bale warmer, the bales are easier to open, have greatly reduced fibre breakage, 
improved fibre length, better whiteness and less wastage.  Moreover, throughput is significantly 
increased, with processing time per bale between 2 minutes and 6 minutes, depending on the 
needs and power used.  In addition to building microwave wool processor, the conveyer belts that 
put the wool bales into the chamber and take them out again is also built (Clayton, 1997; 1999). 
Other applications carried out by the division include chemical processing and recycling perspex, 
which has been implemented in industry. 
 
Other recent breakthroughs in the applications of microwaves in an industrial research institute of 
a university in Victoria include applications in aerospace and automotive industries, and 
medicine and biomedical industries.  Successful projects carried out in aerospace and automotive 
industries consist of: 
• Microwave induced plasma jet 
• Microwave combustion of diesel fuels 
• Microwave ignition of liquid fuel propellants for rocket engines. 
 
Fruitful researches in medicine and biomedical industries include: 
• Development of a passive microwave radiometer for non-contact medical and industrial 
thermography applications 
• Development of a microwave hyperthermia apparatus for cancer treatment 
• Processing of  biocompatible ceramic implants using microwaves 
 
5. Conclusions 
 
From the above discussions, it is clear that there are a lot of factors that have to be considered 
before employing microwave irradiation for processing materials.  Not all materials are suitable 
for microwave processing and one has to match the special characteristics of the process. Blind 
applications of microwave energy in material processing will usually lead to disappointment. On 
the other hand, wise application of the technology will have greater benefits than has been 
anticipated.  In the joining of thermoplastic composites, with Araldite as primer, using microwave 
irradiation, it was not surprising that the curing time was much shortened.  However, it was not 
expected that the tensile shear strength of the joints would be higher than for ambient curing (Wei 
et al, 1998; Ku et al, 1997a; 1997b; 1999c; Felix et al, 1996).  In general, the savings achieved 
through microwave processing will be other than energy as the saving in this respect would not 
be enormous.  The benefits will be in timesaving, increased process yield, environmental 
compatibility, space savings and unique characteristics of the products.     
 
At this point in time, the dominant industrial applications of microwave in materials processing 
are for curing polymers and polymer-based composites and for heating and cooking foodstuff (Ku 
et al, 1997a; 1997b; Metaxas and Meredith, 1983).  In both cases, particularly in food processing 
and heating, the advantages brought about by microwave processing do not replace conventional 
processing methods completely.  It seems that hybrid heating, the integration of microwave with 
conventional heating methods, will be the trend in the future (NRC, 1994; Metaxas and Meredith, 
1983).  This will, however, place a burden on microwave equipment manufacturers in that the 
process machinery involves greater quantity of non-microwave apparatus.  In all of the above 
applications, only fixed frequency microwave sources, eg 2.45 GHz and 915 GHz have been used 
and hence the benefits obtained from the technology are only partial.  More promising results will 
be achieved by the use of the most recently invented technology, variable frequency microwave 
(VFM) processing (Bible et al, 1992), which offers greater rapid, uniform and selective heating 
over a large volume at a high energy coupling efficiency than its fixed frequency counterpart.  
The technique will be discussed in part II of the paper. 
The usefulness of microwave irradiation in processing materials and the effects on materials 
properties and yields have been discussed.  Commercialisation of the technology will depend not 
only on areas of use but also on its economies.  The need to develop ways of economically 
processing useful materials makes investigation of new processes valuable but means that the 
cost of such processes must be considered at the same time as the technical aspects.  The 
economy of microwave processing will be discussed in more detail with VFM processing in part 
II of the article. 
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                                          Figure 1: Microwave System for Materials Processing 
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Figure 2: Interaction of Microwaves with Materials 
 
 
 
 
 
 
                           
Magnetron 
Control 
Cavity 
Moveable  
Plunger 
 
 
                                                 Figure 3: Microwave Facilities Configuration 
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                                                        Figure 4: Test Pieces in Position 
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                      Figure 5: Equipment Used for Sintering Ceramics in AMT Division 
 
 
 
          Table 1: Frequency Bands for Radio Frequency Range 
 
Band Designation Frequency limits 
4 VLF         very low frequency     3 kHz     -      30  kHz 
5 LF           low frequency   30 kHz     -     300 kHz 
6 MF          medium frequency 300 kHz     -        3 MHz 
7  HF          high frequency     3 MHz    -      30 MHz 
8 VHF        very high frequency   30 MHz    -    300 MHz 
9 UHF        ultra high frequency 300 MHz   -         3 GHz 
10 SHF        super high frequency     3 GHz   -       30 GHz 
11 EHF        extremely high frequency   30 GHz   -      300 GHz 
 
 
 
 
 
 
 
 
 
 
 
Table 2: Dielectric Constant and Dielectric Loss of some Commonly Microwave-Processed Materials  
               at Different Frequencies 
 
Materials  Frequencies (GHz)    
  1 x 108 3 x 108 3 x 109 1 x 1010 2.5 x 1010
Ice# ε′⁄ε0 ----- ----- 3.20 3.17 ----- 
 tan δ* ----- ----- 9.00 7.00 ----- 
Phosphate glass ε′⁄ε0 5.24 5.23 5.17 5.00 4.93 
 tan δ 20.0 25.0 46.0 42.0 34.0 
Dry clay soil ε′⁄ε0 ----- 2.55 2.55 2.53 ----- 
 tan δ ----- 100 62.0 36.0 ----- 
Bakelite ε′⁄ε0 3.95 ----- 3.70 3.68 3.55 
(preformed &  tan δ 380 ----- 438 410 390 
preheated)       
Nylon 66 ε′⁄ε0 3.16 ----- 3.03 ----- ----- 
 tan δ 210 ----- 128 ----- ----- 
Nylon 610 ε′⁄ε0 3.00 ----- 2.84 ----- 2.73 
 tan δ 200 ----- 117 ----- 105 
Polyethylene ε′⁄ε0 ----- ----- 2.26 2.26 ----- 
 tan δ ----- ----- 3.10 3.60 ----- 
Polystyrene ε′⁄ε0 2.55 2.55 2.55 2.54 2.54 
 tan δ <1.00 3.50 3.30 4.30 12.0 
Natural rubber ε′⁄ε0 2.40 ----- 2.15 ----- ----- 
 tan δ 50.0 ----- 30.0 ----- ----- 
Paper ε′⁄ε0 2.77 2.75 2.70 2.62 ----- 
 tan δ 660 660 560 403 ----- 
Water ε′⁄ε0 78.0 77.5 76.7 55.0 34.0 
 tan δ 50.0 160 1570 5400 2650 
 
# Ice is at –12oC, all other materials are at 25oC.  
* Values for tan δ are multiplied by 104. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3: Dielectric Constant and Dielectric Loss  
of LDPE/GF (33%)** in the Frequency Range of  
2.2 to 3.3 GHZ at Different Temperatures  
 
Using WR340 Dielectric  Dielectric 
Temperature Loss Constant 
24oC 0.00606 2.338 
42oC 0.00678 2.325 
60oC 0.00684 2.316 
80oC 0.00711 2.315 
 
Table 4: Dielectric Constant and Dielectric Loss  
of LDPE/GF (33%)** in the Frequency Range of  
3.3 to 4.9 GHZ at Different Temperatures  
 
 
Using WR229 Dielectric  Dielectric 
Temperature Loss Constant 
24oC 0.08090 2.440 
40oC 0.00816 2.540 
60oC 0.00909 2.534 
70oC 0.00944 2.368 
80oC 0.00964 2.527 
90oC 0.00983 2.525 
 
 
Table 5: Dielectric Constant and Dielectric Loss  
of LDPE/GF (33%)** in the Frequency Range of  
4.9 to 7.05 GHZ at Different Temperatures 
 
Using WR159 Dielectric  Dielectric 
Temperature Loss Constant 
24oC 0.0209 1.054 
42oC 0.0217 1.054 
60oC 0.0239 1.120 
80oC 0.0217 1.100 
 
 
** Thirty three (33) precent glass fibre reinforced polyethylene 
 
 
 
 
